We develop a heuristic model for chaperonin-facilitated protein folding, the iterative annealing mechanism, based on theoretical descriptions of "rugged" conformational free energy landscapes for protein folding, and on experimental evidence that (i) folding proceeds by a nucleation mechanism whereby correct and incorrect nucleation lead to fast and slow folding kinetics, respectively, and (ii) chaperonins optimize the rate and yield of protein folding by an active ATP-dependent process. The 
The native structure of proteins is thought to represent the global minimum free energy state (1) . All of the information needed for folding of the protein is contained in the various solvent-induced interactions between the amino acids of the protein. From (2) (3) (4) . ( ii) The other aspect introduces what seems like an unwelcome complication, the chaperonin proteins. Chaperonins permit the folding of some other proteins, most significantly under in vitro conditions that are not permissive for spontaneous folding (5) . We show here that these two seemingly disparate approaches to protein folding can be unified by the theory of iterative annealing to account for chaperonin-facilitated protein folding. Theoretical studies have also begun to consider the role of chaperonins in protein folding (6) (7) (8) (9) .
Two concepts are needed to obtain a coherent picture of the kinetic mechanism of the chaperonins. (i) The (6) and on experimental (11, 12) grounds. The interaction of the chaperonin with the substrate protein is stochastic in nature; the appearance of the native state is the consequence of multiple rounds of binding and release (iterations) (11, 12) .
Rugged Energy Landscapes and the Kinetic Partitioning Mechanism
It is clear that the underlying conformational free energy landscape of proteins can be rugged, implying that several minima exist separated by barriers of various heights (2) (3) (4) . This (Fig. 1A) . On the other hand, there can be an ensemble of low energy minima that require large (many kT) activation energies to escape from their trapped states (Fig. 1B) (16, 17) involved in the acquisition of the native conformation ( Fig. 2A) . In the first, described by kl in Fig. 2A , the chain follows a direct path in which the native structure is acquired rapidly after the collapse transition. We will refer to molecules that follow this path as fast folders and to the pathways involved in this process as (18) (19) (20) (21) (22) (23) (24) (25) . In the other mechanism (k2 in Fig. 2A (11) , and the release of unfolded proteins (11, 12) (37) (38) (39) (40) . The interconversion between these states is driven by a K+-dependent hydrolysis of ATP, turning over approximately every 10-12 s (38) . In the presence of GroES, the hydrolysis of ATP by each ring of GroEL becomes "quantized" (11) . This ensures that the individual subunits of a ring change their conformation as a unit, alternating between states of high and low affinity for the substrate protein (11) . Multiple rounds of ATP hydrolysis are associated with chaperonin-facilitated folding; with each round, the ring to which the substrate protein is bound cycles to a low-affinity state, and the protein is released in a nonnative state (11, 12) . Relaxation to a high-affinity state completes the cycle.
The promiscuity with which chaperonins bind substrate proteins and the release of proteins in nonnative states point to an active albeit nonspecific process rather than a directed process. It has been argued (11) (2-4, 6-9, 16, 17) and experimental work on in vitro protein folding (11, 12, (18) (19) (20) (21) (22) (23) (24) (25) (11, 12) . According to the kinetic partition mechanism described above, (10, 42) . In the presence of chaperonins, the rate of folding will be determined by kH instead of k3. The cycle of ATP hydrolysis, release, partitioning, and rebinding (Fig. 2B It is useful to contrast the IAM to the kinetic proofreading model for chaperonin action (7) . In the latter, the chaperonins are assumed to provide a bias in the folding to the native state that is argued to be responsible for the rate enhancement. A bias could theoretically exist in substrate recognition or in the disruption of misfolded structures. Like the kinetic proofreading model, the IAM allows that the chaperones may have lower affinity for species more closely resembling the native state. However, according to IAM, there is a stochastic disruption of the protein bound to GroEL-we can envision no method to selectively disrupt nonnative contacts while leaving native contacts intact. In addition, the kinetic proofreading model was developed by assuming the unfolded protein remained associated with the chaperonin (yet unbound and able to fold) (7), which is inconsistent with experimental evidence (11, 12) . (Fig. 4A) . Only upon addition of the complete chaperonin system was folding observed. The maximum yield of folded Rubisco decreased with time, suggesting that these conformers were only transiently stable. However, the rate constant for folding was independent of the delay, consistent with rapid availability of all conformers able to serve as substrates for GroEL. Thus a pool of misfolded Rubisco was generated that was not itself folding competent but could be converted to a foldingcompetent state by the chaperonins. Similar observations have been made with malate dehydrogenase at 37°C (27, 43) .
Likewise, introducing permissive spontaneous folding conditions after a delay allowed a fraction of the Rubisco to fold spontaneously (Fig. 4B) . If permissive folding conditions were present initially, delayed addition of chaperonins increased the yield substantially. These results can be easily understood in terms of the IAM. For Rubisco, high ionic strength may lower the energy barriers between some of the traps and their respective activation energies. Since the net spontaneous yield remains lower than the chaperonin-assisted yield (40% vs. 80%), at the higher ionic strength, not all molecules escape from their trap. Trapped conformers that cannot be rescued by increased ionic strength, however, can be rescued by the complete chaperonin system. The presence of multiple folding pathways that may be differentially affected by the reaction conditions (while increasing the complexity of the folding reaction) may explain the substoichiometric yield often observed during folding reactions. A portion of these traps may be too deep to exit under a given spontaneous folding condition.
With this transiently stable pool of nonnative protein substrate, the effect of substoichiometric quantities of GroEL on the rate of folding was examined (Fig. 5A) . At low GroEL concentrations (e.g., 1-2 nM 14-mer) at least 10 turnovers were observed. The reaction kinetics were adequately fitted by a single exponential that results from solving the rate equations describing the IAM (unpublished results). The rate was initially directly proportional to the GroEL concentration (Fig.   5B ), increasing to a limiting rate at a GroEL14/Rubisco molar ratio of unity. From this experimental data the fraction of molecules that has reached the native state as a result of a single iteration (i.e., the partition factor CI) and the number of [1] An estimate for the value of n can be made on the basis of the rate at which the complete chaperonin system consumes ATP.
In the presence of GroES, each GroEL toroid turns over as a unit at a rate of 2-3 min-1. With this value, the data in Fig. 5A can be used to obtain a value for between 0.045 and 0.067. We have shown that the complete chaperonin system serves to enhance the rate of Rubisco folding, because AkkH > k3 (Fig.  2) . However, our kinetic scheme also suggests that under certain conditions, the chaperonins could lead to a retardation of folding rates, i.e., when k3 > FkH. Such behavior has also been experimentally observed (42, 44 
